Surface Soil Temperature (SST) is defined as the near-surface temperature of the ground that consists of the upper boundary of the subsurface temperature-depth curve. SST is an important parameter for understanding subsurface heat transfer and effects of climate change. However, to date, no studies have focused on SST, land use surrounding monitoring wells, and temperature-depth profiles within the Chianan Plain, southern Taiwan. Values for Measured Surface Soil Temperature (MSST) were in a range of 23.8 to 28.3°C, higher than average annual air temperatures that ranged from 23.9 to 25.2°C within the Chianan Plain. Values of Present Surface Soil Temperature (PSST), which represent a long-term average, were 24.2 to 28.1°C, as determined from temperature-depth profiles. Temperature of various land cover types were 24.9, 25.6, 25.6, 26.5, and 28.8°C for crops, trees, buildings, fish ponds, and bare soils, respectively. Temperatures for trees were lower than average while temperatures for bare soil without shielding were higher. Values of SST change displayed a warming trend with a maximum value of 4.11°C and 82% of sites fell into the range from 0 to 3°C. The change in annual average air temperature due to global warming was 1 to 2°C from 1901 to 2015. Causes for SST changes larger than 2°C should be attributed to land cover change in addition to global warming. This study provides the first basic dataset for MSST and temperature-depth profiles within the Chianan Plain. The data provided can be used as a base line for future studies of climate change, groundwater and subsurface temperature changes.
INTRODUCTION
Surface Soil Temperature (SST or Ground Surface Temperature, GST) is defined as the surface or near-surface temperature (soil, bedrock, or surficial deposits) measured in the uppermost centimeters of the ground (Smirnova et al. 1997; Shafer et al. 2000; Signorelli and Kohl 2004; Lundquist and Lott 2008; Holmes et al. 2012; Vargo et al. 2013) . Physical models for determinations of SST depend on the surface energy of solar radiation, ground heat flux, and latent heat flux and sensible heat flux (Deardorff 1978; Herb et al. 2008; Leaf and Erell 2018) . Previous studies indicated that SST variations significantly affected by different land cover types including pavement, bare soil, grass, trees, and agricultural crops. Asphalt and concrete pavements generally have the highest SST due to less latent heat flux, while SST under vegetated surfaces yield the lowest value attributed by high latent heat flux (Skinner and Majorowicz 1999; Herb et al. 2008) .
SST is the temperature at the upper boundary of the subsurface temperature-depth profile, an important parameter for understanding subsurface heat transfer (Kupfersberger et al. 2017) , groundwater recharge (Bense and Beltrami 2007; , soil temperature history, and effects of climate change (Kohl 1998; Balobaev et al. 2008; Herb et al. 2008; Stevens et al. 2008; Bayer et al. 2016) .
Since the Chianan Plain is one of the most important groundwater regions in southern Taiwan, forty groundwater monitoring wells were installed within this area (Fig. 1) . However, to date, no studies have focused on SST, land use surrounding monitoring wells, and temperature-depth profiles within the Chianan Plain. For understanding subsurface heat distributions and land temperature history and change, Terr. Atmos. Ocean. Sci., Vol. 30, No. 6, 831-842, December 2019 studying SST above monitoring well sites is necessary.
Temperature-depth profiles, SST measured data, and land cover percentage data are provided in this study. Relationships between SST and land cover types are also discussed. The temperature-depth profiles of the monitoring wells presented were measured from 2013 to 2019. A focus on the dataset obtained in 2015 is provided. Temperature data loggers were setup for collecting SST during 2017. The type and percentage of various land covers were determined using a small radius of 1 m and a larger radius of 100 m surrounding temperature data loggers or monitoring wells, identified using satellite images that were manually checked on site.
STUDY AREA AND RESEARCH METHOD

Study Area
The Chianan coastal plain is underlain by unconsolidated fine-grained interlayers of fluvial-deltaic deposits from the Pleistocene to a recent age (Lu et al. 2008) . A hydrogeological cross-section indicated three aquifers from the surface to a depth of 200 m (Fig. 2) . These aquifers largely consist of fine sand with mud layers, while aquitards consist of mud layers occasionally mixed with fine sand. According to C-14 dating, the age of sediments at approximately 200 m is 32 kyr at well No. 14, located in the west near the coastline, while in the east, sediments of a similar age occur at shallower depths (CGS 2018) .
From 1995 onward, a total of 40 monitoring wells have been installed within the Chianan Plain by the Water Resources Agency of Taiwan. The Chianan Plain has an area of approximately 75 × 25 km 2 . Monitoring wells within the plain are constructed of stainless steel or polyvinyl chloride, are 10 to 15 cm in diameter, and have depths of 100 to 300 m. Screens of 6 to 24 m in length were installed within the bottom portion of wells and are protected by a surface cement slab of 1 to 2 m in width (Lu et al. 2008 ).
Research Method
Three types of SST were utilized for the study. The first type is Measured Surface Soil Temperature (MSST), defined as the temperature measured using a data logger within the uppermost centimeters of the ground (Fig. 3c ). The second and third types are the Present Surface Soil Temperature (PSST) and the Initial Surface Soil Temperature (ISST), estimated using temperature-depth profiles obtained from monitoring wells (Fig. 4) . The PSST represents the long-term average (decade of year) temperature and the ISST indicates the temperature before human interference (Roy et al. 2002) .
During 2017, temperature data loggers for collecting MSST, the Tidbit-v2-UTB1 from Hobo Onset Inc., were buried at 3 to 5 cm in depth below the soil surface over a horizontal distance to the well center of 2 to 4 m (Fig. 3c ). The temperature data logger employed over an interval of 30 min has a working range of -20 to 70°C, an accuracy of ±0.2°C, a resolution of 0.02°C, and a maximum water pressure of 300 m (Helmuth et al. 2016) .
Temperatures from data loggers within uppermost centimeters of the ground present a short distance of land cover affected SSTs, while temperature-depth curves at tens of meters in depth should be affected by larger distances of land cover. Two types of distance for land cover analysis were used. Land covers within a radius of 1 m surrounding data loggers were using for MSST and those at a radius of 100 m were used for PSST.
To differentiate between land cover types, areas were manually delineated using Google satellite images as a base map ( Fig. 3a) . Once an area of forest, a fish pond, grass, etc. was identified, land cover areas were categorized on an easy-to-analyze, color-coded map (Fig. 3b ). To verify results, all land cover types surrounding monitoring wells within a radius of 100 m were manually checked on site using a GPS instrument ( Fig. 3c ).
Temperature-depth profiles were measured during 2013 to 2019 using an automatic probe attached to a polyethylene string placed at each measurement point over a vertical interval of 4 m for at least two minutes (at the first point for ten minutes) in order to ensure balance with borehole ambient temperatures ( Fig. 4 ). Temperature data for the portion from the water level to the casing top were discarded. As a result of air's lower thermal diffusivity, temperatures were not in steady-state during the two minutes wait time (Eppelbaum et al. 2006 ). The probe employed for measurements, the Aqua TROLL 200 of In-Situ Inc., has a working range of -20 to 80°C, an accuracy of 0.1°C, a resolution of 0.01°C, and a maximum water pressure of 350 m (Chen and Chiang 2016) .
Since the upper 20 m in temperatures were impacted by seasonal variation, values for PSST were estimated by extrapolation from the 20 to 50 m of the temperature-depth profiles. For example, the PSST of No. 14 was 27.39°C and was estimated using a second-degree polynomial fit. The value of R 2 was 0.9987 ( Fig. 5 ).
Under steady state conditions of no groundwater flow and constant surface temperature, the temperature-depth profile should be a straight line (e.g., No. 20 in the Fig. 4 ). However, some profiles indicate a warming (e.g., No. 14) upward trend. Profiles of well No. 14 displayed a straight line from 78 to 120 m, located at the first aquitard (AT1), without significant groundwater flow ( Fig. 4 ). Temperature differences from 78 to 120 m were small, less than 0.3°C, from 2013 and 2019 (Fig. 6 ).
The initial SST (ISST) of well No. 14 was approximately 23.5°C using an extrapolation of a straight line from 78 to 120 m. The ISST was interpreted as the temperature before the interference of surface temperature change or groundwater flow (Roy et al. 2002) . The surface soil temperatures of well No. 14 displayed a 3.89°C warming trend from an ISST of 23.50 to the PSST of 27.39°C.
RESULTS AND DISCUSSION
Measured Surface Soil Temperature (MSST) and Land Cover
MSST data were collected from a total of 40 monitoring sites during 2017. Data loggers at two sites, No. 4 and 11, were lost. In Table 1 , the MSST from 38 monitoring sites are summarized by monthly and annual averages. The data indicate that the lowest annual MSST was 23.82°C (well No. 7) while the highest was 28.37°C (well No. 28), with an average of 25.83°C (Fig. 7a) .
Land cover within a radius of 1 m surrounding data loggers were grouped into three types: trees, grass, and bare soil ( Table 2) . Twenty sites were under trees, thirteen sites were grass lands, and five sites were bare soil. Bare soil yielded the highest MSST, 26.02 to 28.37°C, while trees yielded the lowest, 23.82 to 26.23°C (Fig. 7b ). Compared to MSST, air temperatures from five weather stations within the study area (for locations see Fig. 1 ) were 23.93 to 25.29°C, lower than bare soil.
The data are consistent with previous studies which concluded that land cover types of bare soil or pavement yield the highest SST due to solar radiation; whereas SST under trees, forests, and vegetated surfaces yield lower values (Herb et al. 2008 ).
Present Surface Soil Temperature (PSST) and Land Cover
Temperature-depth profiles for the 36 monitoring wells are plotted in Fig. 8 . The depths of water level within the monitoring wells were 4 to 48 m and are referenced to the top of the well casing. Many of the temperature-depth profiles display a warming trend. Such subsurface temperature distribution may be due to land use change, global warming, or groundwater flow (Kohl 1999; Taniguchi et al. 1999 Taniguchi et al. , 2003 Huang et al. 2000; Pollack and Huang 2000; Ferguson et al. 2006; Bense and Beltrami 2007; Verdoya et al. 2007; Kataoka et al. 2009; Yamano et al. 2009; Bayer et al. 2016) .
Values of PSST for each monitoring well were estimated by extrapolation from the temperature-depth profiles for 2015 (Table 3) . The values of PSST ranged from 24.2 to 28.1°C, with 80% of data falling within the range from 25 to 27°C (Fig. 9) .
The types and percentages of land cover over a radius of 100 m surrounding monitoring wells were also determined. Five types of land cover were defined within the study area: trees, buildings, crops (grass), bare soil (pavement), and fish ponds (still water). The percentage of land cover type for each monitoring well is provided in Table 3 .
Each type of land cover should contribute some per-centage of temperature to the surface and subsurface. Here, I present a simple empirical regression and correlation approach modified from Campbell et al. (1981) . Calculated SSTs (CSSTs) were estimated using the empirical formula in Eq. (1):
where T 1 , T 2 …T 5 are the temperatures for each land cover type; and LC 1 , LC 2 …LC 5 are the percentages of each land cover type (Table 3) .
Temperatures T 1 to T 5 are parameters that require estimation within the optimization problem. Using a range of temperatures (i.e., 23 to 29°C) for different land cover types, MAE (mean absolute error) was determined using Eq. (2):
Values for PSST are provided in Table 3 ; n is the number of temperature-depth profiles. Using trial and error to determine the minimum MAE, temperatures were 24.9, 25.6, 25.6, 26.5, and 28.8°C for crops, trees, buildings, fish ponds, and bare soil, respectively, with a minimum MAE of 0.6°C. Both the PSST and MSST within the study area displayed a correlation to land cover type, which displayed a wide range of temperatures, 23 to 29°C. Temperatures were 9  Grass  19  Grass  29  Grass  39  Trees   10  Grass  20  Trees  30  Trees  40  Trees   Table 2 . Types of land cover within a 1 m radius above data loggers. Fig. 8 . Plots of the temperature-depth profiles obtained for 36 monitoring wells located within the Chianan Plain in 2015. Identification numbers corresponded to Fig. 1 and Table 1 . Temperature-depth profiles were shifted to avoid overlap. Table 3 . Percentages of land cover types over a radius of 100 m surrounding monitoring wells, PSST, CSST, and ISST. Fig. 9 . A histogram of PSST estimated from the temperature-depth curves obtained from 36 monitoring wells in 2015. lower for shield land -crops, trees, and buildings. Temperatures were higher for no shield land -fish ponds and bare soil (pavement).
No Trees (%) Buildings (%) Crops (%) Bare soils (%) Fish ponds (%) PSST (°C) CSST (°C) ISST (°C)
Surface Soil Temperature Change and Land Cover Change
Temperature-depth profiles are widely used for reconstructing historical surface temperature in association with climate change (Taniguchi et al. 1999; Pollack and Huang 2000; Roy et al. 2002; Eppelbaum et al. 2006; Balobaev et al. 2008; Ouzzaouit et al. 2014; Bayer et al. 2016) . Surface soil temperature change can be obtained from PSST minus ISST which is estimated from temperature-depth profile. Data of PSSTs and ISSTs are listed in Table 3 . Figure 10 shows the histogram of SST change determined from 2015 data. Values of SST change are in a range of -0.5 to 4.11°C with only two sites are negative (cooling). About 82% of sites have positive (warming) values in a range of 0 to 3°C. The change of annual average air temperature worldwide due to global warming is approximately 1.0 to 2.0°C from 1901 to 2015 (Hsu et al. 2011; EPA 2016) . Therefore, the cause for SST change larger than 2°C should be attributed to other mechanism in addition to global warming.
The SST change in the Chianan plain clearly shows a warming trend as interpreted from temperature-depth profiles. Previous studies indicated that surface temperature history inferred using temperature-depth profiles should consider the effect of land cover change and groundwater flow (Bense and Beltrami 2007; Bayer et al. 2016 ). This study demonstrates that surface soil temperatures within the Chianan Plain display a correlation to land cover over a range of temperatures, 23 to 29°C. The SST could be changed for as much as 6°C while the land cover was changed from trees to bare soil.
Here, monitoring well No. 28 is used as an example for demonstrating that surface soil temperature may change partly due to land cover change. Changes in land use sur-rounding the monitoring wells are depicted from historical maps of 1904 of , 1924 of , 1956 of , and 1989 ). Those maps were obtained from an open web database called the Taiwan Centurial Historical Map archived by the Center for GIS, RCHSS, Academia Sinica (TCHM 2018). Well site No. 28 was located on a tidal flat as shown in maps of 1904 and 1924 . From 1956 and 1989 the present day, the site is reclaimed land for fish ponds (Fig. 3) . Land cover in the area is dominated by bare soils and fish ponds for 21 and 74%, respectively (Table 3) .
The initial surface soil temperature (ISST), extrapolated from the 60 to 200 m portion of the temperature-depth profile in 2015, was approximately 23.9°C (Fig. 12) . The PSST was 26.8°C. The curve displays a warming trend from a depth of 60 m, with the surface soil temperature increasing by 2.9°C, larger than the global warming of 2.0°C. Annual sea surface temperatures near the study area were 23.2 to 25.4°C (Belkin and Lee 2014) , consistent with the ISST of 23.9°C from the study. Dominate land cover types at this site were fish ponds and bare land that display higher temperatures than the ISST. Calculated temperatures of this study for fish ponds and bare lands were 26.8 to 28.8°C. The fish ponds at this site are growing milk fish. Previous study shows that growth and development were fastest in milk fish maintained in high test temperature x = 29.55°C (Villaluz and Unggui 1983) . The SST of this site should be increased due to the land cover change from tidal flat to fish ponds. I suggest that the 2.9°C temperature increase was due to a land cover change from tidal flat to fish pond in addition to increasing temperature of global climate change.
CONCLUSION
Values for Measured Surface Soil Temperature (MSST) in 2017 were in a range of 23.8 to 28.3°C, which are higher than the average annual air temperatures ranged from 23.9 to 25.2°C within the Chianan plain, southern Taiwan. The land cover types within a radius of 1 m around data loggers included: trees, grass, and bare soil. Temperatures for trees were lower than average while temperatures for bare soil without shielding were higher.
Values of Present Surface Soil Temperature (PSST) which represent a long term average were 24.2 to 28.1°C, determined from temperature-depth profiles within Chianan plain in 2015. The PSSTs were correlated with percentages of a 100 m radius land cover area. Temperature of various land cover types were 24.9, 25.6, 25.6, 26.5, and 28.8°C for crops, trees, buildings, fish ponds, and bare soils, respectively.
Values of SST change, PSST minus ISST, show a warming trend with a maximum value of 4.11°C and 82% sites fall into a range of 0 to 3°C within Chianan plain. The change of annual average air temperature worldwide due to global warming is approximately 1 to 2°C during 1901 to 2015. The causes for SST change larger than 2°C should attribute to other mechanism in addition to global warming. For example, well No. 28 shows a 2.9°C temperature increasing which should due to a land cover change from tidal flat to fish pond in addition to global climate change.
This study provides the first basic data of MSST and temperature-depth profiles in the Chianan plain, southern Taiwan. Further studies for climate change, groundwater and subsurface temperature change in the Chianan plain can use the data as a base line.
